We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

4,800 122,000 135M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 8

Early Corrosion Fatigue Damage on Stainless
Steels Exposed to Tropical Seawater:

A Contribution from Sensitive
Electrochemical Techniques

Narciso Acuna-Gonzalez, Jorge A. Gonzalez-Sanchez,
Luis R. Dzib-Pérez and Aarén Rivas-Menchi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52698

1. Introduction

A major concern in the design of engineering structures is the ability of components to
maintain their integrity during their entire life service even when subjected to a combination
of fluctuating loads and aggressive environments. The requirement for reliable structural
integrity is particularly important for structures, involved in fundamental fields such as
transportation, oil and gas production and energy generation. Fatigue and corrosion fatigue
failures take place in components and structures as result of complex loading histories.
There are different stages of fatigue damage in engineering components where defects may
nucleate on initially smooth or undamaged sections, followed by microstructural crack
formation, stable propagation and finally unstable crack propagation where catastrophic
failure occurs.

Total fatigue life is often considered as a process of fourth major stages [1,2]:

a. Initiation or nucleation of fatigue cracks: substructural and microstructural which cause
nucleation or permanent damage,

b. Small-Crack growth: the creation and growth of microscopic cracks,

c. Macro-Crack propagation: the growth and coalescence of microscopic flaws to form
“dominant cracks” and stable propagation of dominant macrocracks

d. Final fracture: structural instability or complete fracture.

Then, fatigue life of engineering components and structures can be defined as the period
during which cracks initiate from defects and propagate. The largest fraction of fatigue life
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230 Applied Fracture Mechanics

is spent in the crack propagation stage. However, when engineering structures operate
under severe conditions, the problem of fatigue failure is raised, especially in presence of
aggressive environments. Under such severe conditions, the crack initiation stage is
dramatically reduced as the case of structures in marine environments.

On the other hand, the stresses operating on structures can be mechanically applied
(constant or cyclic), residual, and in some cases, thermal which depend on the operation
conditions.

Stainless steels are an important group of materials for diverse engineering applications.
This kind of corrosion resistant materials was introduced with the aim of reducing
maintenance costs involved with materials such as carbon steel. However, there are
several cases around the world, [3-8] in which the failure frequency of stainless steel
piping systems on offshore platforms is very high, resulting in unacceptable maintenance
costs.

Unfortunately the degradation process is more complex than just localized electrochemical
reactions at the metal surface. It is documented [5,9,10] that the corrosion of stainless steels
(SS) is more severe in natural seawater than in sterile or synthetic seawater due to
microorganisms activity. There is agreement among researchers that the increased corrosion
is due to biofilm formation [4,5,7,8]. Electrochemical reactions are influenced by the
chemical micro-environments generated by formation of biofilms at the metal surface. In
seawater applications, the most widely used stainless steel grade, namely, 316L, suffers from
localized corrosion. Even the substantial amount of data published about studies of
localized corrosion of 316 and 316L stainless steels, frequently affected by pitting and crevice
corrosion, the problem of structural failure in marine environments remains.

An outstanding problem in corrosion science and engineering involves the prediction, of
damage caused by corrosion fatigue during the early stages of damage. This problem is
particularly important because localized attack, such as pitting corrosion fatigue (PCF),
normally occurs on passive alloys with minimal metal weight loss, and is commonly
detected when the failure of the component is complete.

The most important aspect of corrosion fatigue assessment on components and structures in
real service is the prediction of their residual life when there is a risk of undergoing
localized attack as precursor of fatigue cracks. The conventional fracture mechanics tools are
limited to provide information concerning the type and rate of damage occurring during the
early stages of damage and consequently provide limited insight into the mechanism of
pitting corrosion fatigue failure process. It is important to understand the role of the
environment on the early stages of corrosion fatigue damage. In this sense, very sensitive
electrochemical techniques have been used in corrosion fatigue studies by the authors of this
chapter, where the main aim has been to determine the early stages of corrosion fatigue
damage. This chapter presents a review of information obtained from applied sensitive
electrochemical techniques to stainless steels exposed to seawater and chloride ions media
to observe Early Corrosion Fatigue Damage.
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2. Corrosion fatigue

The S-N approach to fatigue studies is usually appropriate for situations where a component
or structure can be considered a continuum (i.e., cracks-free assumption). However, the
fatigue process leading to failure is generally represented in terms of crack initiation stage
followed by crack propagation to critical size.

It must be recognized, however, that there is no generally accepted definition as to what
constitutes initiation or when the initiation phase is complete and propagation commences.
The net cycles to failure represents the sum of both, crack initiation and propagation.

Total fatigue life = Ni+ Np (1)

where Ni represents the number of cycles for crack initiation and Np the number of cycles
for crack propagation to failure. A major difficulty with regard to fatigue research involves
the large number of variables which influence the phenomenon. These may be divided into
three general variables categories [11,12]:

a. Mechanical
b. Material
c. Environmental

The complex task associated with fatigue resistance evaluation is the fact that individual
factors may be synergically interactive, so a change in one must be assumed to affect the role
of the others. Thus, the accumulation of damage during the fatigue lifetime of a component
depends not only on its load history, but also of the synergistic effects of stress and
surrounding environment [13,14]. Then, corrosion fatigue is defined as a synergistic effect in
which corrosion and fatigue occur simultaneously. The combined effect of an aggressive
environment, such as seawater, with a cyclic stress or strain is, invariably, more severe than
the sum of the two effects of corrosion and fatigue acting separately. The effect of the
environment on fatigue resistance is well documented in the form of stress vs number of cycles
to failure (S-N) curves which show that, for the majority of the cases, the environment removes
the fatigue limit (Figure 1). It has been shown that many corrosion fatigue failures of stainless
steels in seawater are induced in the early stages of damage by pitting corrosion [15-18].
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Figure 1. Schematic of S-N curve presenting air fatigue and corrosion fatigue behavior.
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Fatigue and CF studies address the following regimes:

a. LEFM (long crack) regime, were cracks are of the order of millimeters (i.e. propagation)

b. EPFM (physical short cracks) regime, were cracks of the order hundreds of micrometers

c. MEFM (short crack) regime, were cracks of the order of tends of micrometers develop
early in the lifetime and exhibit growth rate variations through the microstructure (i.e.
nucleation).

The most important aspect of corrosion fatigue assessment on components and structures in
real service is the prediction of their residual life when there is a risk of undergoing
localized attack as precursor of fatigue cracks.

In passive alloys, it is recognized that pitting corrosion plays a very important role in CF
crack initiation [16, 17, 19]. CF lifetime prediction turns complex because of the need to
account main processes leading to fatigue failure from a 'defect-free' surface [14, 20], where
the early corrosion fatigue damage includes:

i.  breakdown of the surface passive film

ii. pitinitiation and growth,

iii. transition from pit to short crack nucleation,
iv. short crack growth

The selection of the techniques used to evaluate and study corrosion depends on the kind of
corrosion taking place. The principal aim of the corrosion scientist is to determine the
mechanism of the corrosion process including intermediate reactions and the kinetics of
these processes. Sometimes it is necessary to use intrusive methods (electrochemical
methods) in which the system is stimulated externally and the response of the system to that
perturbation is measured. Other techniques are able to measure electrochemical activity
without the necessity of any kind of external perturbation to the system, the electrochemical
noise technique (ENT), the scanning reference electrode technique (SRET) and scanning
vibrating electrode technique (SVET) are examples of non-intrusive techniques. The most
important aspect of corrosion assessment on components and structures in real service is the
prediction of their residual life when there is a risk of undergoing localized attack. In that
respect the use of electrochemical methods for studying localized corrosion is an important
part of the evaluation since the kinetics of localized corrosion is different with respect to
general (uniform) corrosion.

From a structural integrity point of view general corrosion does not represent a serious
problem for the corrosion engineer due to the fact that stress concentrators are not
generated. Therefore general corrosion can be assessed using basic electrochemistry
concepts and techniques [21,22]. In the case of localized corrosion, the measurement of the
corrosion rate becomes more complicated due to unequal anodic and cathodic area ratios
and therefore the effects of this kind of damage on the structural integrity of structures are
much more severe.



Early Corrosion Fatigue Damage on Stainless Steels Exposed to Tropical Seawater:
A Contribution from Sensitive Electrochemical Techniques

2.1. Localized corrosion concepts

Due to their recurrent nature, localized corrosion processes often cause major practical
problems affecting the performance of technologically important metallic materials, like
stainless steels, nickel, aluminium, and many others metals and their alloys in different
environments, especially those containing chlorides.

It can be considered that the corrosion process results from changes in the nature and
composition of metals exposed to environments of homogeneous composition. The point of
interest is “what happens when metals with approximately uniform composition are
exposed to electrolytic environments in which composition changes makes them
heterogeneous, e.g. differential aeration?" In this case we are dealing with concentration
cells, i.e. localised corrosion.

One of the established essential principles of corrosion is that: The sum of the rates of the
cathodic reactions must be equal to the sum of the rates of the anodic reactions, irrespective
of whether the attack is uniform or localized [21], so the following equation must be
satisfied:

21, =21, ()

where I. and I. denote the cathodic and anodic currents respectively which has a direct
relation with the reaction rate of the electrochemical process.

If it is considered that the attack is uniform and assuming that there is only a single
predominant anodic and cathodic reaction, then:

I1,/S,=1./S, ori, =i 3)

where ia and ic are the anodic and cathodic current densities assuming the area of the
cathode Sc equals the area of the anode S..

When the corrosion attack is localized the anode area is very small compared with the
cathode area, Sa < Sc and as a consequence ia > i, and the larger the ratio iaic, the more
intensive the attack. Thus localized attack usually involves a corrosion cell consisting of a
large cathodic area and a small anodic area.

It is now known that many aqueous corrosion processes of great technical interest occur
under conditions in which the access of electrolyte is restricted. This can be due to the
special geometry of the corroding material e.g. structures with riveted plates, flange joints,
gaskets; and also due to the existence of some deposits such as corrosion products or scales
on the corroding surface. In the cases where corrosion occurs under conditions of restricted
diffusion, the chemical composition of the corroding environment inside the occluded cavity
may be very different from that of the composition of the bulk solution. One of the most
important effects is that changes in oxygen or ionic concentration in the electrolyte give rise
to changes in corrosion potential. Under normal circumstances where the aggressive
environment is aerated, the surface of the corroding alloy outside the occluded cavities is
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often passive as a result of the formation of an oxide film of corrosion products. Passivation
takes place at these sites because they are in direct contact with the oxygen dissolved within
the electrolyte. These surfaces act as aerated cathodes where oxygen takes part in the
reduction reaction of the corrosion process. In this reaction the oxygen is reduced with the
consequent increase of pH according to the following reaction for the case of basic or neutral
solutions [23]:

O,+ 2H,0 + 4¢~ —40H" 4)

or in a solution of low pH:
O, + 4H" + 4¢” »2H,0 (5)

The surface, which is inside the occluded cavity, is active and acts as anode as a
consequence of the very low concentration of oxygen in the solution inside the cavity. At
these surfaces the metal undergoes dissolution. Additionally, the hydrolysis reaction takes
place with a decrease in the pH of the solution according to the following reaction sequence:

for iron,

Fe—Fe™ + 2e"and 3Fe™ + 4H,0 —Fe,O,+ 8H" + 2¢~ (6)

Much effort has been made in the last 40 years for a better understanding of the processes
involved in localized corrosion, the majority of these studies being focused principally on
aspects of the growth and stability of the sites undergoing localized attack. On the other
hand, the mechanisms of nucleation and early stages of damage are not yet completely
understood.

An important improvement on the present state of knowledge is achieved when the global
process of localized corrosion can be partitioned into a nucleation stage (initiation), and a
successive metastable growth stage, which eventually is followed either by rapid
repassivation or stable pit growth. If the active condition inside a crevice or pit is stable over
a longer period of time, rapid metal dissolution usually takes place. The rate controlling
reaction during the localized corrosion processes such as activation, diffusion, or ohmic
control, has a significant influence on the shape and geometry of the crevices or pits
produced.

The theoretical models, that have been proposed to describe the initiation of the localized
corrosion process, can be grouped into [24,25]:

e Adsorption mechanisms
e Jon migration and penetration models
e  Mechanical film breakdown theories.

Substantial research has been carried out to study the structural parameters involved in
localized corrosion processes. From these, it has been demonstrated that defects in the metal
structure, such as non-metallic inclusions or dislocations may generally act as sites for pit
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initiation on passive metal surfaces [26]. Stainless Steels (SS’s) with higher concentrations of
alloying elements were found to have an increased pitting resistance due to the formation of
passive films containing fewer defects and greater stability.

Despite the efforts made to understand this phenomenon, localized corrosion is a non-
predictable degradation process of metals and alloys in contact with aggressive
environments. Given that most of the information related to the stable stage of localized
corrosion has been obtained throughout studies of pitting and crevice corrosion, this aspect
of the localized attack will be presented in the next section dedicated to pitting corrosion.

3. Pitting corrosion fatigue
3.1. Breakdown of the surface passive film

Corrosion is an electrochemical reaction process between a metal or metal alloy and its
environment [27], which involves complex mass and charge transfer taking place at the
metal-electrolyte interface. These charge transfer reactions at the interface are the origin of
the instability of metals. The high corrosion resistance of Austenitic SS’s is primarily
attributed to the adherent metal-oxide film formed on its surface called passive film. This
natural coating acts as a barrier that avoids the contact between fresh metal surface and the
electrolyte limiting the corrosion reaction and such alloy is said to be passive. When
stainless steels are exposed to oxygen containing electrolytes, a chemically stable, non
soluble film is formed from a mixture of iron and chromium oxides, with hydroxide and
water-containing compounds located in the outermost region of the film, and chromium
oxide enrichment at the metal-film interface [28]. However, the resistance of this passive
film is determined by the environmental conditions to which the SS is exposed to, as well as
by the alloy composition. Many metals and alloys become covered with oxide films on
exposure to aqueous environments. Copper, aluminum or tin and their alloys develop thick
tilms, while metals which exhibit passive behaviour like stainless steels have a very thin film
of the order of 9 to 20 nm. The passive films are cathodic to the metal matrix. However, the
susceptibility of passive films to suffer local breakdown depends upon the nature of the
film, the quantity and nature of non metallic inclusions, the chemical composition of the
electrolyte or solution, and the electrochemical state at the metal/solution interface, but also
to a possible stress state.

For CF test, when the passive metal or alloy is subjected to cyclic loading, the passive film is
damaged mechanically due to the creation of slip steps from beneath and following a
repeated process of microdeformation-activation-dissolution-repassivation.

During the initial cyclic loading, fine slip lines appear on the specimen surface because
dislocations, at or near the surface, the stress in localized sites can exceed the nominal stress.
By using microscopic techniques has been possible to observe localized plasticity at
microscopic scale in the grains, where fatigue damage is caused by microplasticity produced
by large shear stresses.
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Processes of nucleation and formation of fatigue slips bands often precedes at grain
boundaries as is shown in figure 2. Mughrabi et al. [29] showed that nucleation at grain
boundaries occur at sites where persistent slip bands (PSBs) impinge.

In smooth surfaces of SS’s, during the early corrosion fatigue damage, the permanent slip
bands are associated with breakdown of the passive film. The breakdown of the passive film
causes dissolution of the non-covered active metal in contact with the electrolyte, which acts
as a small anode against the large cathodic. This small anode is a vulnerable area on the
metal surface, where a high local metal dissolution takes place, and leading cavities such as
pits and/or crevice. Extensive development of techniques to study electrochemical reactions
have simulated the analysis of potential and current fluctuations taking place during
electrochemical processes which are translated in to electrochemical noise (EN) signals.

| N=2000 cycles l l N= 4500 cycles I |N= 9500 cycles I IN- 36000 cycles I

50um

Figure 2. Evolution of fatigue slip bands in a 316L SS during cycling stress in air, under omax=217 MPa
(90%0022), load frequency w=1.0 Hz and a stress ratio R=0 conditions.

EN is defined as spontaneous fluctuations in current and potential generated by corrosion
reactions [30-34]. In this context, the study of spontaneous current or potential fluctuations
to characterize corrosion processes have received considerable attention, such as the study
of corrosion potential (Ecorr) and current fluctuations applied to monitor the onset of events
characterizing pitting [35-36] or stress corrosion cracking (SCC) [37-39] The noise is typically
measured potentiostatically, galvanostatically, or in a Zero Resistance Ammeter (ZRA)
mode [30,31,34]. With ZRA mode, both the potential and current fluctuations can be
measured using two nominally identical electrodes, connected through a ZRA; where a net
current and changes in the potential are observed at free corrosion conditions according to
the corrosion process.

During the Corrosion Fatigue tests conducted in natural seawater [16], the potential time
series obtained from electrochemical noise measurements had a common characteristic
pattern of quick drop and slow recovery. Common explanations for these patterns of quick
drop and slow recovery have been associated to anodic dissolution, passive film
breakdown, metastable and stable pitting corrosion, or with the crack initiation and crack
growth due to microstrain and local mechanical stress conditions [16].

The figure 3 shows patterns of quick drop and slow recovery, indicating that passive film
eventually is broken, due to applied mechanical stress and the interaction with the
electrolyte, turning it in an active dissolution of metal. Also, on figure 3, the surface damage
after N=43200 cycles of corrosion fatigue tests can be observed. In 316L SS-natural seawater
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density around 0.20 pA.cm?, while under cyclic stress conditions it ranges between 0.25 to
0.85 pA.cm2 [16].
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Figure 3. a) Potential and current noise profiles [16] and b) AFM surface image, for a 316L SS exposed
to natural seawater under an induced cyclic stress of Ac=140 MPa (58% cu.2), after N=43200 cycles, at a
load frequency w=0.17 Hz and stress ratio R=0.

3.2. Pit nucleation and growth

Pit nucleation

According to Szklarska-Smialowska [34], the susceptibility of a metal or alloy to pitting can
be estimated by determination of one of the following criteria:

Characteristic pitting potential

Critical pitting temperature,

Number of pits per unit area, or weight loss and

The lowest concentration of chloride ions that may cause pitting

One of the most important parameter to determine an alloy’s susceptibility to pitting
corrosion is the pitting potential, i. e., the potential at which the passive film starts to break
down locally. The potential above which pits nucleate is denoted by Ep and the potential
below which pitting does not occur and above which the nucleated pits can grow is often
indicated by Epp (Figure 4 and Table 1).

As mentioned above, pitting corrosion involves localised attack of very small areas of metal
surface undergo localised attack whilst the rest of the surface is largely unaffected and
remains passive. Pitting is a particularly insidious form of localized corrosion because
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Figure 4. Arrows indicate the Ep and Epp on the polarization curve [40].

(Ecorr)>F (EP)* (Z'passive)>F

11
55 Alloy (mV vs SCE) (mV vs SCE) (LA/cm?)
304 SS - 260 to - 270 290 to 350 03t 04
316L SS -220 to -260 270 to 320 0.3t00.5
Duplex SS -280 to -310 1060 to 1110 0.3t00.5

* Range of values for Ecorr, EP and ipassive were obtained from five tests under identical experimental conditions.

Table 1. Values of electrochemical parameters for Stainless Steels in artificial seawater, at 26°C and pH
8.2 [40]

the extent of metal dissolution reaction is small but the attack is rapid and penetrates into
the metal. The location of pits on metals that develop passive films is often unpredictable,
and the pits tend to be randomly dispersed on the metal surface [41-43]. However, Sedriks
[44,45] indicates the importance of different types of heterogeneities at the material surface
during pit initiation, because the location of pits is to some extent defined by the
microstructure of the alloy and the geometry of the system. In chloride containing aqueous
solutions, the uniform corrosion rate of stainless steels in the passive state is insignificant,
i.e. 0.15 to 15.0 pm per year [46]. However, pitting corrosion of this type of alloys is very
common in these environments [45], where the local dissolution rate of metal can be up to
12 mm per year [41].

Pitting corrosion can occur when a local breakdown of the passive film takes place in an
aqueous solution on a microscopic scale (nucleation process). This process involves small
and sudden increments of anodic current, which are characterized by current spikes, leading
to oxidation and dissolution of less than 0.01 um3 of metal. The nucleation process is
unstable and in most cases it will stop by the regeneration of the passive film. Another
possibility is that a nucleation event develops into the second stage of initiation, i.e. the
metastable pit growth. During this step, a gradual and bigger increase of the anodic current
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takes place. This stage stops if repassivation of the micro-pit occurs. A volume of up to
several pm? of metal can be dissolved in stainless steel during the metastable growth. In
some cases the metastable pit growth precedes stable pitting. On the other hand, if

repassivation of metastable micro-pit does not occur, the growth of stable pits can take place
(figure 5).

Pits developed at grain
boundary 0

(b)

3 8Enm
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Figure 5. (a) AFM surface image and (b) Potential and current noise profiles for a 316L SS exposed to
natural seawater under an induced cyclic stress of Ac=140 MPa (58% ov22), after N=86400 cycles, at a
load frequency w=0.17 Hz and stress ratio R=0 [16].

Measurements of the physical separation of anodic and cathodic areas, the currents flowing
between them as well as the mapping of potentials in electrolytic solutions have been
successfully used for the study of the processes of localized corrosion of different systems
[47-53]. A schematic drawing of a local corrosion cell is shown in figure 6.

current flux

iso-potential seesssesesssa

Figure 6. Schematic of current and potential distribution in solution during localized corrosion [40].



240 Applied Fracture Mechanics

With the aim of determining the velocity of metal dissolution directly in active pits during
pitting corrosion, Rosenfeld and Danilov [54], designed an apparatus to measure the field
strength in the electrolyte directly above an active pit. They employed a twin probe method
by using two reference electrodes, which makes it possible to measure the potential
difference AE in any direction between two points in the electrolyte with the aid of two non-
polarizable electrodes, for example calomel electrodes.

The equipment used for the measurements of the potential difference AE (ohmic potential
gradients) is called the Scanning Reference Electrode (SRET). With the measurement of the
electric field strength in the electrolyte over the pits it was possible to determine the current
flowing from the anode points, based on the fact that, the vector of the normal component of
the current density at a pre-determined point (i') in a uniform field is equal to the product of
the electric field strength E and the specific conductivity of the medium x. The resolution of
the SRET depends upon the proximity of the scanning probes to the corroding sites and the
magnitude of the corrosion currents from each site. As shall be shown later, the distance
between the probe and specimen surface and the conductivity of the solution governs the
sensitivity of the technique. It has been reported the capability of the SRET to identify the
position of localized activity in the metal surface however did not report any assessment of
pit size or shape from the performed SRET measurements [48-51]. The growth of corrosion
pits is the next stage of the localized attack process.

Pit growth law

Pit growth studies have received less attention than its initiation. The kinetics of pit growth
is generally assessed by electrochemical and metallographic methods. However, a
combination of the two methods is usually preferred. A wide variety of pit growth laws
have been reported for different systems metal - electrolyte, but the theory of pits growth
remains unclear. Although stainless steel 304 is a very common and extensively used alloy,
the determination of pit growth in NaCl solutions at open circuit potential has not been
possible in terms of reproducible and reliable measurements. This is essentially due to the
tendency for spontaneous repassivation of the pits when the steel is at open circuit potential
[5]. An approach has been the determination of the pit growth kinetics on potentiostatically
generated pits in specific metal — electrolyte systems. Dzib-Pérez [55] generated corrosion
pits potentiostatically on specimens type 304 SS in stationary conditions in two electrolytes:
3.5% wtNaCl solution (k=55.8 mS/cm) and natural seawater (k=50.6 mS/cm). Specimens
were initially polarized potentiostatically in natural seawater for 105 s at a potential of 365
mV vs SCE (to induce the formation of pits) and immediately after, the electrode potential
was stepped down to a value of 300 mV vs SCE (to induce the growth of the initially formed
pits avoiding the formation of new pits). The chronoamperometries obtained for 304 steel in
natural seawater are shown at Figure 7.

All chronoamperometries obtained showed a rapid increase in current during the time the
stainless steel specimen was polarized potentiostatically above the pit potential, which is
associated to induced nucleation and fast pit growth.

Most of the generated pits quickly repassivated when the potential was stepped down to a
potential level below the pitting potential. Under this condition 1 to 3 pits grew steadily
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until the end of polarisation. The increase of current as a function of time can be associated
with two processes taking place under potentiostatic polarization: mainly the active
dissolution of nucleated pits (one to three pits) and the simultaneous dissolution of the
metal surface in the passive state. From the integration of the area beneath the curve current
vs time the electric charge was obtained, from which the quantity of dissolved metal per pit
was calculated using Faraday's law according to the chemical composition of the 304
stainless steel [55].
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Figure 7. Chronoamperometries obtained during potentiostatic generation of pits in a 304 stainless steel
in natural seawater in stationary conditions. Polarisation at 300 mV vs SCE for: a) 5, b) 30 and c) 60
minutes.

And the other hand, Figure 8 shows the amount of material dissolved as function of time of
anodic polarization, also includes the fit (solid and dotted lines) performed through the
following power equation:

DM, =ct* ?)

where DMac is the amount of dissolved material per pit in pg obtained from
chronoamperometries, t is the pit growth time (or anodic polarization time) in minutes and,
cand d are constants.

Once determined the amount of dissolved material per pit as a function of anodic
polarization time and knowing the density of stainless steel (p= 8.03 g/cm3), the volume of
dissolved metal was determined. Using a material removal procedure described in detail by
Gonzalez Sanchez and Dzib-Pérez [40-55] to determine the pit depth as a function of time of
anodic polarization the empirical pit growth law was established for corrosion pits in 304
stainless steel. Figure 9 shows the Maximum Pit Depth (MPD), generated in 304 steel
samples, as a function of time under anodic polarisation.
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Figure 8. Amount of dissolved material per pit as a function of polarization time for a 304 stainless steel
in 3.5% wt NaCl solution (k=55.8 mS /cm) and in natural seawater (k=50.6 mS /cm).
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Figure 9. Maximum Pit Depth, as a function of pit growth time, for a 304L stainless steel in electrolytes
of different conductivity.

From fitting of these relationships, represented by solid and dotted line, was obtained the
empirical equation for the pits growth law for each experimental condition, which has the
shape of an exponential equation [55]:

Pp =a-bc 8)

Where Pp represents the pit depth in um, and t is the pit growth time in minutes. The values
of the constants for the equation 8 are presented in Table 2.
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Material Electrolyte Conductivity Parameter
(mS/cm) a b C
Natural seawater 50.6 852.99687 782.72174 0.98796
304 SS 3.5% wtNaCl 55.8 692.82813 659.34217 0.98054
FeCls 93.2 378.94312 347.10403 0.97224

Table 2. Values of the constants a, b y ¢ from equation 8.

Has been reported that the growth rate of a pit is characterized by a gradual increase in the
current at constant potential, which is proportional to t2 or ts [34]. Gonzalez-Sanchez [40]
generated pitting on stainless steel 304 and 316L using the same electrochemical process
used in this study. This author reported an empirical equation for the pit-growth law of the
form Pa=Kt® generated under potentiostatic control where Pa is pit depth, t, time and K and f
are constants depending on the material and the composition of the environment:

e  316L in artificial seawater,
P, =26t"° 9)
e and for 304 stainless steel, also in artificial seawater, the following equation:

P, =279t (10)

where P4 is similar to MPD in um and t is the polarization time in minutes.

The MPD generated on the 304 stainless steel in artificial sea water, reported by Gonzalez-
Sanchez [40] were slightly lower, but with a trend similar to those obtained by Dzib-Pérez
[55]. These forms contribute to assess the first stage of damage (pitting).

Newman [43] reported the pit growth under potentiostatic polarization on a 304 stainless
steel in a 1M NaCl solution containing 0.04 M Na25:0s. The pits generated had a
hemispherical morphology. These authors found good agreement between results obtained
via Faraday's law and those obtained from microscopic analysis. Researchers had reported
the pits growth under potentiostatic polarization on 304 and 316L stainless steels in artificial
seawater (Gonzalez-Sanchez, 2002) and natural seawater [56]. The shape of pits generated at
both stainless steels was semi-elliptical [40, 56]. Gonzalez-Sanchez [40] reported a good
agreement between the results obtained from Scanning Reference FElectrode Technique
(SRET) measurements with those obtained of a method of material removal.

In the present document, pits were generated under potentiostatic polarization on 304
stainless steels in 3.5% wt NaCl solution and in natural seawater as well as at open circuit
potential in a solution of 1M FeCls. The pits generated had hemispherical morphology as
seen in Figure 10.

In order to determine the correct morphology (semi-elliptical or hemispherical) of pits
generated in this investigation the volume of each pit was calculated according to the
geometry of an ellipse or an sphere and compared with results obtained from the
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chronoamperometries. The results indicate that the volumes calculated based on a spherical
geometry are closer to the volume calculated from the chronoamperometry curves, as seen
in Figure 11. Therefore, the volume of a pit, obtained from removal of material, calculated
according to a spherical geometry was used for comparison and analysis with the results
obtained using electrochemical techniques. The values of the volume per pit as a function of
growth time were used to calculate the corresponding amount of dissolved material for a pit
grown under potentiostatic control on 304 SS in 3.5 wt% NaCl solution and in seawater
natural. In Figure 12 shows the amount of dissolved material, determined
chronoamperometries and by a method of material removal, as a function of pits growth
time on the 304 stainless steel in NaCl solution and in water natural sea. Also, the figure 13
illustrates the pit nucleation and growth process obtained from SRET Maps.

Bum

Figure 10. SEM image shows the pits potentiostatically generated in artificial seawater had
hemispherical morphology on 316L steel surface under [40].
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Figure 11. Comparison of the pits volume determined from the material removal method and from the
integration of chronoamperometries for 304 SS in a) 3.5% NaCl and b) natural seawater [55].
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Figure 12. Amount of dissolved material per pit, determined from the chronoamperometries and by a
method of material removal as a function of anodic polarization time for the 304 SS in a) natural
seawater and b) 3.5% wt NaCl solution [55].
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Figure 13. SRET map scans during pitting initiation and growth on 304 SS specimens polarized at 290
mV vs SCE for 2.3, 17.5, 37.5 and 56.5 minutes under fatigue loading conditions [40].

500 um

Figure 14. Pits formed at grain boundaries of a 316L SS undergoing cyclic loading in natural seawater.
Ac =140 MPa (58%c0.2), after N=86400 cycles, at a load frequency w=0.17 Hz, stress ratio R=0, Tave=
29°C and pHave=7.9. Patterns of grain boundaries are reveled practically in the image [56].

Acuna [56] has observed that on the maximum tensile stress zone of bent-beam specimens,
after N loading cycles in natural seawater, the pits nucleation sites generally were located at
grain boundaries on the specimen surface (Figure 14).
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3.3. Pit to small crack transition

Pit to short crack transition involves the determination of the critical pit size for the
transition from pit to fatigue crack. In this stage, the microstructure and the state of stresses
around the corrosion pit play a very important role. The conditions for the pit to crack
transition are generally defined phenomenologically by using a Linear Elastic Fracture
Mechanics (LEFM) approach. A major concern is that the threshold stress intensity factor
range defined for corrosion fatigue cracking is determined considering long cracks and can
not be applied to microscopically small cracks (MSC) initiated from pits.

Two criteria are used to describe the transition processes:

e the stress intensity factor associated with the equivalent surface crack growth at which
the corrosion pit reaches the threshold stress intensity factor for the fatigue crack
growth,

(AK) .. = (AK)

pit = (11)

crack”’

e  Corrosion fatigue crack growth rate also exceeds the pit growth rate,

(. "
dt rmck_ dt pit

Akid et. al. [57] have shown that in some cases pit development overcomes the nucleation
stage of the corrosion fatigue cracking process. However, it appears that transition from pit
to short fatigue crack occurs at some critical size associated with microstructure, applied
stress level, mode of load and stress state around the pit. In order to describe the stress state
and the stress intensity conditions around the pit, several models, based in pitting corrosion
fatigue mechanisms have been proposed [58-61]. They have been assumed that corrosion
pits behave as sites for fatigue crack initiation through a purely mechanical micro-notch
effect in smooth surfaces. Real components are normally undergoing complex stress
conditions which induce mixed loading modes; where it has been reported that the
threshold stress intensity factor for short fatigue cracks in structures subjected to mixed
loading modes is lower than for structures subject to simple loading mode conditions [62].

The general aim of this section is dedicated to determine the influence of mixed stress
conditions on the initiation of fatigue cracks from corrosion pits. Here we present the results
obtained from the analysis of the stress state and the threshold stress intensity around
hemispherical corrosion pits developed on austenitic stainless steel samples immersed in
natural seawater. The concept of pits as surface semi-elliptic cracks is introduced
throughout a linear elastic fracture mechanics analysis. Pit depth to major mouth axes ratio
(a/c) and the effect of stress orientation were analyzed in terms of variations of the stress
state and mixed load modes. Also the pit to short crack transition and short crack growth is
reported through sensitive electrochemical techniques.

From the SEM analysis conducted on the metallic specimens after 15 days of immersion in
natural seawater, semi-elliptic corrosion pits with different depth /major mouth axes (a/c
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aspect ratio) values: 0.33, 0.47, 0.56, 0.62 and 0.74 were found. Figure 15 presents corrosion
pits formed on the surface of a specimen after N= 130200 cycles of test in flowing natural
seawater and the potential and current noise profiles.

Pits developed on grain boundaries, mainly at triple point grain boundary. Small cracks (~ 5
um long) had grown from nucleation sites (Figure 15c). From the earliest stage, the cracks
grew by interconnecting several smaller cracks following the grain boundary pattern. Crack
nucleation events and the early crack growth could be associated with the patterns of quick
drop and slow recovery, of amplitudes of 20 and 70 mV and current density between 0.10
and 0.60 pA/cm? where these signals had higher intensity and higher frequency. Small
cracks could grow from a multitude of nucleation sites and coalesce to form large cracks in a
relatively short time. Large intergranular crack growth events can be associated with those
patterns of 200 mV in amplitude and a cathodic current density of 8.0 pA/cm? (in the figure
15 (a) indicated with ellipses on the potential and current EN patrons). The potential
transients could be the result of crack wall dissolution and a possible long active dissolution
out of the crack, associated to current transients related to cracking by the reduction
processes, where the cathodic reaction consumes electrons that are removed from the
surface and the electrochemical double layer present on metal surface, both external to the
crack and on the crack walls.
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Figure 15. Corrosion pits developed on the stainless steel surface after N=130200 cycles of test in
flowing natural seawater. Ac=140 MPa (58%ov2), after N=130200 cycles, at a load frequency w=0.17 Hz,
stress ratio R=0, Tave=29°C and pHave="7.9. (a) Potential and current noise (b) corrosion pits developed
on grain boundaries [16] and (c) SEM photomicrograph showing CF small cracks formed at triple point
and along grain boundaries.
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In order understand the role of cyclic stress on pit development and growth, local
electrochemical measurements were made using SRET on tubular samples of 316L steel
immersed in 0.05% FeCls solution pH~1.9, conductivity 11.6 mS/cm; under fatigue conditions
with an applied stress range of 185 MPa (75%ov2), ©=0.27 Hz, R=0. The crack appeared after
~700 load cycles. On figure 16 it can be seen that pit electrochemical activity increases with
increasing number of applied cycles until the pit to crack transition occurs, which is
associated with a drop in local pit current density [40].
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Figure 16. (a) Change in pit current density as function of number of fatigue cycles, indicated by the
arrow, and (b) Crack growth from pit observed during corrosion fatigue test [40].

The current density at which the pit-crack transition occurs can then be used to determine
the threshold stress intensity for the onset of cracking for damage from smooth surfaces.
Figures 15(a) and 16(a) indicate that the first period was dominated by pitting corrosion and
the CF cracks incubation took place; the second period corresponds to the nucleation and
initial growth of short CF cracks from grain bonding triple points which is associated with a
drastic decrease in potential (15 (a)) and current (16(a)). And finally, the third period where
the electrochemical current noise signal recovered a synchronized pattern and also the
current density from SRET measurements presented a change to higher values that may be
related to the arrest of the CF cracks as their Faradaic contribution disappeared.

As above mentioned, the pit to a small crack transition is not governed solely by the stress
distribution around the defect (pit), but is also determined by the local electrochemistry
which controls pit growth, all together in a synergic phenomenon. We suggest that despite
the solution chemistry is not be the same in large cracks as that found in inside a pit, and the
microplasticity is generated by the stress concentration generated by the pit geometry for
the case of austenitic stainless steels (susceptible to work hardening), the AKw is a parameter
that could be used to determine the stress intensity around of pit and pit contour. There are
basically two reasons why the cyclic plastic deformation is higher just at the surface:
concentration of plastic deformation due to higher stresses near the surface, and the low
constraint on near-surface volumes of cyclically loaded material. In complex engineering
components, higher surface stresses result from either micronotches (i.e. pits) or bending
and twisting, both of which lead to stress gradients with the highest stress on the surface.
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Usually, under conditions of uniaxial load, the geometry of a pit-like crack tends to keep a
semicircular shape, whereas for the case of bending load, the surface cracks adopt a semi-
elliptic configuration during their propagation [56]. It is for this reason that the direction of
the applied stress plays an important role in the nucleation and propagation of fatigue
cracks from corrosion pits.

In this section, the threshold stress intensity factor range (AKwu) was evaluated as a function
of the aspect ratio (a/c) and the orientation of the corrosion pit with respect to the direction
of the applied stress assuming tilted pits with hemispherical geometry, where in the case of
fatigue limits based on crack propagation, corrosion pits act as cracks under conditions of
linear elastic behavior [63-65]. The 4Ki, AKu, AKm and AG were evaluated as a function of the
applied stress direction (6) assuming hemispherical pits, the position along the pit contour
and also of the aspect ratio (a/c). Figure 17 presents the schematic of the stress element from
which the transformed stresses as a function of the pit orientation angle are obtained.

Oy

2%

Lo r ~
Pit like-crack plane

Figure 17. Stress state acting on a tilted hemispherical pit-like crack plane

Redefining the coordinate system to make the new axes coincide with the pit-like crack
orientation, it is possible to resolve the applied stress on normal and tangential components.
The relationship between the transformed stresses and the normal applied stress are given
for equations (13) and (14).

o, =0, cos? 6 (13)

Toy =0, cosfsin@ (14)

were ox and =y are the normal and tangential stresses respectively as indicated in figure 18.

The stress components associated to the plane x'y” where the crack is located are ox y =y
The component ox induces load mode I whereas zy induces load mode II in the surface and
load mode III at the bottom of the pit-like crack. Raju and Newman [66-67] proposed a
solution for superficial hemispherical cracks; such a solution was based on finite element
calculations.
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K =0, |2 (15)
AK; =0, Qf(qﬁ)

1
2 n
£(4) :[sin%H(Z] cos? 4

where a/c is < 1, and ¢ specifies a particular position the stress level at around the tip of a
hemispherical crack. Q is the shape factor of the defect or pit. The maximum value of 4Ki
occurs for ¢ =0°, where f(¢) =a/c, this is, near the surface over the major axis of the ellipse.
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Figure 18. Relationship between the transformed stress acting around a pit-like crack and the
orientation angle

The value of the threshold stress intensity factor for load mode II (AKn ) and III (AKwm ) were

calculated using the solution proposed for long elliptical surface cracks under mixed load
mode [68]:

2 1/2
r rx,y.\/%k (a/c) (16)

AKH(¢:0) B

4 Txvyv\/%kz (1—v)sin¢ (17)

B[sin2 ¢+ (a/c)? cos? ¢]1/4

AK

I($>0)

where k? = 1-(a/c)?, B =(k? -v)E(k)+v(a/c)2K(k) and E(k) is the second order elliptic integral
defined by:

E(K)=IQ = 71— K2 sin g , K(k) = 7> ——2

1-k*sin’

Equations 15, 16 and 17 were used to determine the stress intensity factor for load mode I, II
and III respectively developed at the pit contour defined by the angle ¢: (¢ =0, ¢ =45" and
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¢ =90°). Considering two different normal applied stress values A ox= 217 MPa (90%ov.2) and
Aox = 140 MPa (58%ov2), with constant amplitude and a stress ratio R = 0. Normal and
tangential stresses were simulated taking into account a system used by Acufa et al. [69],
which allows changing sample orientation with respect to the applied stress direction for
orientation angles 6> 0°(Figure 17). Five different orientation angles (6) were used: 0°, 30°,
45°, 60° and 75°. Figure 19 presents a schematic of the corrosion pit profile developed on the
specimen surface using the electrochemical pit generation procedure.

=0

T  wii
¢ =45
¢ =90
Figure 19. Schematic Corrosion pit contour developed on the stainless steel surface after
electrochemical pre-pitting procedure in natural seawater.

Table 3, presents the values of AKi, AKin and AKim as a function of the orientation angle 6, the
aspect ratio a/c and the position around the pit profile (¢ =0, 45° and 90°).

In order to define the conditions for the initiation of fatigue cracks from pits on components
subject to mixed load modes, a direct equivalence of stress intensity factor to the energy
approach was considered. The approach where the elastic strain energy release rate (4G)
related to the three load modes was considered.

(1-v?)
E

(AK? + AK2)+ %AK?H (18)

AG =
Equation 18 indicates that AG depends upon the values of AKi, AKu and AKm which are
function of the orientation angle 0. It is worth mentioning that AKn and AKm do not have
any contribution on 4G for the case where 0 is equal to zero.

Figure 20 shows the values of the AG as a function of the orientation angle for different
locations along the pit contour: at the surface ¢ = 0%, at ¢ = 45° and at the bottom of the pit
where ¢ =90° for three different aspect ratio a/c values.

The fracture resistance value R in mode I, was also calculated and indicated in the graphics
of figure 18. For the three considered a/c values, the maximum AG value was reached at 0 =
45"in which the tangential stress predominates over the normal stress, independently of the
position along the pit contour, which is more clearly showed in figure 21.

The orientation of the applied stress plays an important role in the nucleation and
propagation of fatigue cracks from this kind of surface flaws (Figure 21). The asymmetry of
the applied load induces normal and tangential stresses which along with the aspect ratio
have a strong influence on the stress intensity factors which is observed in the variation of
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AG vs orientation angle 0. Tangential stress has a coupled influence with tension stress for
angles from 30° to 55° (load modes I, I and III).

Pit Contour ¢=0° ¢=90°
Maximum Stress Intensity Factor | Maximum Stress Intensity Factor
(MPa m'7?2) (MPa m'7?2)

r‘:;ﬁe;c Mode Mixty () | AK; AK; AKin AK; AK; AKin
0° 100.87 0.00 0.00 176.94 0.00 0.00

30° 75.66 36.91 52.99 132.71 36.91 52.99

45° 50.44 42.62 61.19 88.47 42.62 61.19

033 60° 25.22 36.91 52.99 44.24 36.91 52.99
75° 6.76 21.31 30.59 11.85 21.31 30.59

90° 0.00 0.00 0.00 0.00 0.00 0.00

0° 123.58 0.00 0.00 180.26 0.00 0.00

30° 92.69 40.68 48.57 135.20 40.68 48.57

45° 61.79 46.98 56.09 90.13 46.98 56.09

047 60° 30.90 40.68 48.57 45.07 40.68 48.57
75° 8.28 23.49 28.04 12.08 23.49 28.04

90° 0.00 0.00 0.00 0.00 0.00 0.00

0° 134.36 0.00 0.00 179.55 0.00 0.00

30° 100.77 41.42 45.30 134.66 41.42 45.30

45° 67.18 47.83 52.31 89.77 47.83 52.31

096 60° 33.59 41.42 45.30 44.89 41.42 45.30
75° 9.00 23.91 26.16 12.03 2391 26.16

90° 0.00 0.00 0.00 0.00 0.00 0.00

0° 139.97 0.00 0.00 178.49 0.00 0.00

30° 104.98 41.22 43.03 133.87 41.22 43.03

olea 45° 69.99 47.60 49.69 89.24 47.60 49.69
60° 34.99 41.22 43.03 44.62 41.22 43.03

75° 9.38 23.80 24.84 11.96 23.80 24.84

90° 0.00 0.00 0.00 0.00 0.00 0.00

0° 150.23 0.00 0.00 175.24 0.00 0.00

30° 112.68 38.65 36.90 131.43 38.65 36.90

0.74 45° 75.12 44.62 42.61 87.62 44.62 42.61
60° 37.56 38.65 36.90 43.81 38.65 36.90

75° 10.06 22.31 21.30 11.74 22.31 21.30

90° 0.00 0.00 0.00 0.00 0.00 0.00

Table 3. Stress Intensity Factor (MPaVm), AKi, AKu and AKm as a function of 6, ¢ and a/c.
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For angles lower than 30, tension stress are favoured (load mode I) and become the
dominant stress. The orientation of the stress in an angle relative to the pit-like crack plane
generates a normal tension stress at the microscopic plane of the crack that can be even
higher than the externally applied stress. This induces a stress singularity that makes the
perpendicular tension stress component sufficiently high to activate the crack initiation from
the pit.

The analysis indicates that AG is higher in the surface where ¢ = 0° (pit mouth) than at ¢ =
45" and than at ¢ = 90°, (at the middle and at the bottom of the pit respectively) for
inclination angles from 20" to 65° for a/c = 0.30. For the case of a/c = 0.60 and a/c = 0.75, the
highest values of AG were observed at orientation angles from 5° to 75°. This result would
indicate that the transition from pit to small crack takes place predominantly at the surface

(¢ = 0°), when the aspect ratio a/c—1 and the orientation angle #increases, compared with
those for (¢ =45° and ¢ =90°).
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Figure 20. Energy release rate on semi-elliptic pits as a function of the orientation angle for three
different values of a/c.: a) 0.30, b) 0.60 and ¢) 0.75.
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Figure 21. Energy release rate as a function of the aspect ratio for the 5 orientation angles at three
different sites along the pit contour (¢ = 0°, ¢ =45° and ¢=90°).

Stress and strain distributions are viewed perpendicular to loading axis. Equivalent Von-
Mises Stress and (b) total deformation of a pit with pit depth Pa=168pum. The plane stress
had been assumed in the present analysis and the stress distribution around of semi-elliptic
pit-like crack was done by considering biaxial loading conditions. Figures 22 and 23 show
the Finite Element Analysis performed using ANSYS 11.0 [70]. A 3-D version of a thin-
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walled 350 um tube specimen was modeled and pits were created half way along the length
of the specimen. A refined mesh was developed in the region around the pit to enhance the
accuracy of stress and strain predictions. The von Mises criterion model was used in the
analysis to characterize the elastic-plastic behaviour of the material. The FE model was
applied to a hemispherical shaped pit of 168 um, 274 pm and 291 um deep. The aspect ratio
is found to generally increase with increasing pit depth. Table 4 reports the results of AK
and AG obtained for 3 pits depth configuration. Pit shape was obtained by a method of
material removal and after modelled using Finite Element Method.

Specimen under cyclic loading at a stress level around 90% ov2 exhibited a number of
developed surface pits of 168um deep. High stress and strain is observed on the figure 22. In
the figure 22 (a), for biaxial stress conditions, the maximum stress is observed ¢~45° at pit
contour, near to the wall of the pit mouth, whereas the higher plastic strain is observed at
the bottom of pit than just near to wall pit surface.

Y N N I B [ S N N ) B
790.94 BBG.78 552.62 478.46 3743 27013 165.97 001503 001485 007467 00745 007432 001414 001396
843.02 Max 6347 530.54 426.38 322 218.05 113.89 Min 0.01512 Max 001476 001456  0.01441  0.01423  0.01405  0.01367 Min
A: Static Structural A: Static Structural
Figure Figure 2
Type: Equivalent (von-Mises) Stress Type: Total Deformation
Unit: MPa Unit: mm

Time: 1 Time: 1

(a) (b)

Figure 22. Maximum principal stress (a) and strain (b) distribution around a 168 pm hemispherical
shaped pit developed on a pressured thin-walled 350 pm tube specimen made of 316L SS; ov.02= 241
MPa, E= 190 GPa and v= 0.33. The internal pressure and the relation a/c were kept 110 bar and 0.67.

This plastic strain at pit bottom induces higher constrain than those observed just near to
wall pit surface. Therefore, the pit to short crack transitions is done closer to the pit wall
surface, as is shown in figure 22.

Location | It Hoop g;:;i Von-Mises | AG AG AG AKi AKi AKi
depth Q Stress (o1) () Stress Hoop Axial |Von-Mises| Hoop Axial | Von Mises
(um) (MPa) (MOIz’a) (MPa) (J.m?2) (J.m?) (J.m?2) (MPa m!?2) | (MPa m!?) | (MPa m'?)

Pit: near to 1100 407 831 23577 | 982.84 6.69 13.66
the surface | 168 1.397

Pit bottom 433 10.1 388 26685 | 0.146 | 21427 7.12 0.16 6.38
Pit: near to 502 157 478 53121 | 5196 | 481.65 10.04 3.14 9.56
the surface | 274 1.466

Pit bottom 436 123 375 40072 | 032 296.44 8.72 0.24 7.50
Pit: near to 206 565 643 78936 | 81.02 609.47 12.25 3.92 10.76
the surface | 291 1.587

Pit bottom 33.7 388 396 29947 | 2168 | 287.37 7.54 0.64 7.39

Table 4. Results for FEM Analysis of 3 pit depth modeled in a pressured thin-walled 350 pm tube
specimen made of 316L SS; ov.o2= 241 MPa, E= 190 GPa and v= 0.33. Q= Shape factor.
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From figure 21 and table 3, it can be seen that for load mode I, when AKu/AK:=0, the value of
AKin is directly proportional to the aspect ratio. However, this relationship modifies as load
mode II is dominant with respect to load mode I, (4Ku/4Ki~3) at an angle of 75°, from which
the values a/c = 0.47 and a/c = 0.74 seem to have no effect on AKeq. It has been reported that
for short fatigue cracks under conditions of mixed load mode, the value of the 4K can be
substantially smaller than that of long cracks [62]. Thus, it can be assumed that the condition
for crack growth initiation is reached at AKeq values lower than for single mode loading (4K,
AKu or AKm).

Tangential stress has a coupled influence with tension stress for angles from 30° to 55° (load
modes I and II). For angles lower than 30, tension stress are favoured (load mode I) and
become the dominant stress.

- 135E+08

B51E+08
A1TE+09
168E+09
- 220E+09
271E+09
323E+09
375E+09
A26E+09

[l 47sEs00

(a) (b)
Figure 23. (a) Maximum principal stress distribution at pit contour and (b) small crack emanating from
a corrosion pit (Von-Mises: AKisurface=9.56 MPaVm; AKibottom=7.50 MPaVm) , in a hemispherical shaped pit
with a depth=291 um and developed on a pressured thin-walled 350 um tube specimen made of 316L
SS; ov.o2=241 MPa, E= 190 GPa and v=0.33. The internal pressure and the relation a/c were kept 110 bar
and 0.78.

The orientation of the stress in an angle relative to the pit-like crack plane generates a
normal tension stress at the microscopic plane of the crack that can be even higher than the
externally applied stress. This induces a stress singularity that makes the perpendicular
tension stress component sufficiently high to activate the crack initiation from the pit. Based
on the observations about the stress conditions around the pit-like cracks, the direction for
crack initiation will be a function of the ratio, due to that the normal and tangential stresses
vary with the orientation angle. Thus a crack will preferentially nucleate at sites of
maximum principal normal stress as is indicated in figure 22 (a) and corroborated by figure
22 (b).

4. Conclusions

e  From results obtained on corrosion fatigue tests using Electrochemical Noise and SRET,
it was possible to determine the pit initiation time, pit activity and pit localization on
specimen surface. The changes in dissolution current obtained from SRET
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measurements and the increment in the amplitude and frequency of potential transients
observed through the Electrochemical Noise tests, gave semi-quantitative information
of the early stages of corrosion fatigue damage and cracking. Despite the inability to
spatially resolve either the pit or crack size or shape from SRET measurements in FeCls,
the change detected in electrochemical activity can be related to the transition from
localized metal dissolution to crack nucleation; which may involve a redistribution of
current over the new crack surfaces. Tests on corrosion fatigue, performed by the
authors, were aimed to establish a relationship between Electrochemical Noise and
SRET results in order to determine in a semi-quantitative base, the localized corrosion
rate and the pit to crack transition process.

FEM analysis corroborated that the local stress conditions for crack initiation in mixed
mode, in a semi-elliptic surface pit, overcome the minimum stress level or single
threshold stress established from the fatigue limit concept. Superposition of cyclic shear
(AKu or AKm > 0) to cyclic tension can lower the mode I threshold stress intensity range,
AKj, below which crack growth is presumed dominant.

Based on AG data, crack initiation will mainly depend on the pit-like crack a/c ratio (o)
as well as orientation angle (¢). From theoretical results, it could be assumed that the
condition for crack growth initiation at the surface zone (¢ = 0°) are favoured when o >
0.56 and @ranges from 5° to 75°, being the most manifest when 6~45°.

The alignment of corrosion pit with respect of the direction of applied nominal stress
has a strong influence on the conditions for crack initiation. The crack initiation hot
points are a function of a/c, 6 and ¢.
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